Objective: a-Klotho (a-KL), a protein with antiaging properties, regulates phosphate, calcium, and bone metabolism, induces resistance to oxidative stress, and may participate in insulin signaling. The role of a-KL in neonates, known to be prone to metabolic disturbances and oxidative stress, is not known. The aim of this study was to evaluate circulating soluble a-KL concentrations in preterm and full-term neonates and unravel possible correlations with growth, metabolism, and indices of oxidative stress. Design: Prospective study. Methods: Plasma-soluble a-KL levels were determined by specific ELISA in 50 healthy neonates (25 preterm, mean (S.D.) gestational age (GA) 33.7 (1.1) weeks, and 25 full-term infants) at days 14 and 28 of life. Associations of a-KL with anthropometric, metabolic parameters, and indices of oxidative stress were examined. Results: a-KL levels were significantly higher in full-term than in preterm infants at both days 14 (1099 (480) pg/ml vs 884 (239) pg/ml respectively; P!0.05) and 28 (1277 (444) pg/ml vs 983 (264) pg/ml respectively; P!0.01). In both preterm and full-term infants, a-KL levels increased significantly from day 14 to 28 of life (P!0.001). Circulating a-KL concentrations correlated with GA (bZ0.32, PZ0.001), body weight (bZ0.34, PZ0.001), body length (bZ0.33, PZ0.001), 1,25-dihydroxy-vitamin D level (bZ0.24, P!0.05), and malondialdehyde level (bZ0.20, P!0.05) but not with glucose, insulin, or homeostasis model assessment index of insulin resistance values. Conclusions: Soluble a-KL levels rise as GA and postnatal age advance in neonates and may have an impact on vitamin D metabolism and oxidative stress. Whether a-KL may have a role in the regulation of infants' growth should be further studied.
Introduction
In Greek mythology, Klotho -the daughter of Zeus and Themis -was combing and spinning the thread of life. In science, the name Klotho was given to a gene (a-klotho (a-kl) gene), first identified in 1997, whose disruption resulted in premature aging-related phenotypes in a mouse model (1, 2) . The a-kl mutant mice exhibited early progressive arteriosclerosis, neural degeneration, skin and gonadal atrophy, infertility, calcification of soft tissues, pulmonary emphysema, and a short life span.
The a-kl gene encodes a 130 kDa (1014 amino acids) type I membrane protein (a-KL protein) expressed mainly in the kidneys, parathyroid glands, and choroid plexus of the brain but also at lower levels in other organs, including the liver, skeletal muscles, adipose tissue, and the placenta (1, 3, 4) . The extracellular domain of a-KL protein is shed and secreted into the blood (soluble a-KL protein), exerting hormonal actions (2, 5, 6 ). This fragment is also detectable in the cerebrospinal fluid and urine (6, 7) . a-KL protein participates in the regulation of parathyroid hormone (PTH) secretion and vitamin D biosynthesis, in the transepithelial transport of calcium ions (Ca 2C ) in the choroid plexus and kidney, and also in phosphate reabsorption by the kidney (8, 9, 10) .
Although its molecular mechanisms of action have not been fully elucidated, a-KL protein acts as a cofactor of fibroblast growth factor 23 (FGF23), a hormone produced by osteoblasts, that enhances renal phosphate excretion and suppresses circulating 1,25-dihydroxyvitamin D (1,25(OH) 2 D) levels (9, 11, 12) . In addition, a-KL protein plays a critical role in transepithelial Ca transport by regulating the abundance of transient receptor potential vanilloid 5 (TRPV5) channels and by recruiting Na C /K C -ATPase to the cell surface membrane (7, 10, 12, 13) . A decrease in a-KL protein in mice and humans results in severe hyperphosphatemia and increased 1,25(OH) 2 D concentrations followed by increased PTH levels, hypercalcemia, and elevated FGF23 serum concentrations in compensation for the impaired FGF23 signaling (10) . On the other hand, an increase in circulating a-KL protein concentrations led to elevation of FGF23 signaling, phosphaturia, severe hypophosphatemia, and decreased 1,25(OH) 2 D circulating levels (hypophosphatemic rickets) associated with increased PTH circulating levels and marked parathyroid hyperplasia (10, 14) .
Although the majority of studies have focused on the role of a-KL protein in calcium and phosphorus homeostasis, there is also evidence that a-KL induces resistance against oxidative stress (15) while it possibly suppresses insulin signaling and participates in the pathogenesis of insulin resistance (IR) (2, 16) . Moreover, it has been reported that a-KL promotes adipocyte differentiation (17) while, interestingly, leptin, the ob gene product secreted by adipocytes, is involved in the control of calcium, phosphate, and 1,25(OH) 2 D homeostasis via stimulation of FGF23 synthesis (18) .
Neonates, especially preterm ones, are prone to metabolic disturbances of calcium, phosphate, glucose, and vitamin D and are also susceptible to oxidative stress due to immature antioxidant defense mechanisms (19, 20) . Moreover, preterm infants are at risk for the later development of IR (21) . Indeed, prepubertal children aged between 4 and 10 years old, who had been born prematurely, had a reduction in insulin sensitivity compared with children born at term (22) . Interestingly, a previous study showed that IR may be present even at birth in preterm infants (23) . To our knowledge, a-KL protein has been little studied in neonates; its circulating levels were determined only in a study of full-term babies at birth and/or at day 4 of life (4) .
The aim of this study was to evaluate the circulating concentrations of a-KL protein during the first month of age in preterm and full-term infants and to unravel possible associations with anthropometric (body weight and length) and metabolic parameters (serum calcium, phosphate, FGF23, 1,25(OH) 2 D, PTH, glucose, insulin, homeostasis model assessment index of IR (HOMA-IR)), and indices of oxidative stress (malondialdehyde (MDA) concentration and superoxide dismutase (SOD) activity).
Materials and methods

Subjects and study protocol
The study population consisted of 50 healthy neonates admitted to our unit after birth: 25 preterm babies of mean (S.D.) gestational age (GA) 33.7 (1.1) weeks, birth weight 1726 (268) g, and male:female ratio 12:13 and 25 full-term infants (GA 39.1 (1.3) weeks and birth weight 3033 (460) g) who had similar gender distribution to that of preterm infants. Ten out of 50 neonates (five preterm and five full-term babies) were small for GA (SGA; birth weight below the 10th percentile after adjusting for GA and gender). GA was estimated from the last menstrual period and confirmed by fetal ultrasound measurements and clinical examination of the neonate according to the new Ballard score (24) .
Criteria for eligibility in the study included: i) absence of congenital malformations or major neonatal morbidities (respiratory distress requiring assisted ventilation or oxygen supplementation after day 3 of life in preterm and full-term infants respectively, hypotension with need for inotropes, intraventricular hemorrhageO grade I (criteria Volpe), sepsis, and necrotizing enterocolitis); and ii) tolerance of full enteric feeding (R150 ml/kg per day) up to day 3 of life for full-term infants and day 10 of life for preterm infants. All the infants were fed with breast milk and formula during the experiment. In order to avoid differences in nutrient intake that might have had an impact on a-KL levels or other blood measurements, the same commercial formula (S26Gold; Wyeth Nutritionals, Askeaton, Ireland) was used. In all the infants, anthropometric parameters were obtained periodically by the same investigator. Body weight was obtained daily in preterm infants and weekly in full-term infants using a standard electronic scale. Recumbent length was measured using a standardized length board.
Blood samples were drawn from a forearm vein in all the infants before feeding on the morning of days 14 and 28 of life for routine blood tests as well as for determining plasma levels of soluble a-KL protein; serum concentrations of calcium, phosphate, FGF23, 1,25(OH) 2 D, PTH, glucose, and insulin; and oxidative stress indices; MDA level in serum as marker of oxidative stress damage and SOD activity in washed red blood cells as a free radical scavenging system were determined. In addition, HOMA-IR index was calculated as fasting glucose (in mmol/l)!fasting insulin (in mIU/l) divided by 22.5 (25) . Plasma and serum samples were stored at K80 8C until assayed. The ' Aghia Sophia' Children's Hospital Ethics Committee approved the study and informed parental consent was also obtained.
Assays
Plasma soluble a-KL protein levels were determined using a sandwich ELISA established by Yamazaki et al. (26) ; the ELISA kit was provided from Kyowa HakkoKirin (Tokyo, Japan). The assay determines the extracellular domain of membrane a-KL protein, which is shed and secreted into the blood (cleaved a-KL). The intra-and interassay coefficients of variation (CV) ranged from 2.7 to 9.8% and the sensitivity limit was 94 pg/ml (26) . Serum calcium, phosphate, and glucose levels were measured using the Siemens Advia 1800 Clinical Chemistry System (Siemens Healthcare Diagnostics, Erlangen, Germany). Serum levels of intact FGF23 were determined using a commercial sandwich ELISA kit (Kainos Laboratories, Inc., Tokyo, Japan). The intra-and interassay CV ranged from 2.0 to 2.8% and from 2.4 to 3.8% respectively; the sensitivity limit was 3 pg/ml. Serum 1,25(OH) 2 D levels were measured using the 1,25(OH) 2 D RIA kit (Immunodiagnostic Systems Ltd., Boldon, UK). Sensitivity of the method was 5 pmol/l (2.1 pg/ml), whereas CV within and between runs were !12 and !14% respectively. Serum intact PTH levels were determined by a sandwich electrochemiluminescence immunoassay (ECLIA) using the Elecsys PTH assay (Elecsys PTH, Roche Diagnostics). The sensitivity limit was 1.20 pg/ml (0.127 pmol/l). The intra-assay CV was !2%, whereas the interassay CV ranged from 2.9 to 4.4%.
Serum insulin concentrations were measured by an ECLIA using the automated analyser Cobas e 411 and the Elecsys Insulin Kit (Roche Diagnostics). The intraand interassay CV did not exceed 2.0 and 2.8% respectively; the sensitivity limit was 0.2 mIU/l. Serum MDA was measured by a HPLC system using a Chromsystems reagent kit (Chromsystems Instruments and Chemical GmbH, Munich, Germany). The intraassay and interassay CV were 1.8 and 6.2% respectively. The sensitivity limit of the assay was 0.01 mmol/l. SOD activity was determined in washed erythrocytes using the Ransod kit (RANDOX Laboratories Ltd., Crumlin, UK). The assay employs xanthine and xanthine oxidase to generate superoxide radicals, which react with 2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium chloride to form a red formazan dye. The SOD activity is measured by the degree of inhibition of this reaction. The sensitivity limit was 0.06 U/ml and intra-and interassay CV were 3.5-4.6 and 5.9-7.0% respectively. Results obtained in SOD units per ml of diluted blood were converted to SOD units per gram of hemoglobin by the type: SOD (in units/ml) divided by hemoglobin (in g/ml).
Statistical analyses
The calculation of sample size of the study was based on a previous report of soluble a-KL concentrations in healthy children (26) . Assuming an alpha risk of 0.05, a power of 0.80, and a bilateral test, it was estimated that w15 neonates was the minimum number of infants needed in each group to detect a significant difference of one S.D. in mean a-KL levels between full-term and preterm infants.
Data are presented as mean (S.D.), apart from insulin and HOMA-IR values expressed as median (25th-75th percentiles) due to non-normal distribution. Groups were compared for quantitative variables by the Student's t or Mann-Whitney U test as appropriate.
Univariate and multiple regression analyses were used to examine relations among the variables of interest. Values of a-KL protein were normally distributed (Kolmogorov-Smirnov test) both overall and for preterm and full-term infants separately, so that a logarithmic transformation was not required. To assess the effects of both the prematurity and the postnatal age on a-KL protein levels, a one-way repeated measures ANOVA was used to compare the values of a-KL protein on days 14 and 28 of life in preterm and full-term infants. Levels of statistical significance were set at P!0.05. All statistical analyses were performed using the SPSS statistical package (SPSS, version 19.0, Chicago, IL, USA).
Results
Body weight and length, metabolic measurements, indices of oxidative stress, and serum FGF23 levels in preterm and full-term infants are shown in Table 1 . A significant effect of preterm birth (FZ6.0, PZ0.01) and postnatal age -day 14 vs 28 of life -(FZ27.7, P!0.001) on soluble a-KL protein levels was shown by one-way repeated measures ANOVA. Mean (S.D.) soluble a-KL protein levels were significantly higher in full-term than preterm infants at both days 14 (1099 (480) pg/ml vs 884 (239) pg/ml respectively; P!0.05) and 28 of life (1277 (444) pg/ml vs 983 (264) pg/ml respectively; P!0.01; Fig. 1 ). In both preterm and full-term infants, a-KL levels increased significantly from day 14 to 28 of life (P!0.001; Fig. 1 ). No significant interaction between preterm birth and postnatal age on soluble a-KL protein levels was observed. Plasma a-KL levels did not differ significantly between SGA and appropriate for GA neonates. Mean (S.D.) plasma concentrations of soluble a-KL protein on day 14 of life were 794 (112) pg/ml in SGA preterm infants and 963 (286) pg/ml in SGA full-term infants whereas, on day 28 of life, soluble a-KL protein levels were 921 (182) pg/ml and 1196 (103) pg/ml in SGA preterm and full-term infants respectively. As shown in Table 1 , there was a rise in 1,25(OH) 2 D levels, in parallel with the rise in a-KL concentrations from the 14th to the 28th day of life, while a parallel decline in FGF23 and phosphate levels was observed in both preterm and full-term infants.
In the total study population, soluble a-KL protein levels correlated positively with GA (bZ0.32, PZ0.001), body weight (bZ0.34, PZ0.001; Fig. 2A ), and length (bZ0.33, PZ0.001, Fig. 2B ), as well as with 1,25(OH) 2 D (bZ0.24, P!0.05; Fig. 3A ) and MDA concentrations (bZ0.20, P!0.05; Fig. 3B and PTH levels (bZK0.28, PZ0.007). Despite the wellknown phosphaturic actions of FGF23, no significant correlation was found between FGF23 and serum phosphate levels in univariate regression analysis. However, in multiple regression analysis, FGF23 was an independent predictor of serum phosphate levels ( Table 2) .
Discussion
Circulating a-KL protein concentrations were higher in full-term than in preterm neonates and increased during the first month of life. The higher a-KL levels in full-term infants are possibly due to increased production/release of a-KL protein as GA/postconceptional age and maturity advance. In rat model studies, the expression of a-KL protein was faintly detected at day 18 of prenatal life and at day 1 after birth but markedly augmented after the 4th day of life (27) . Kidney is the predominant organ of a-KL production (1, 3). The majority of nephrons are normally formed during the third trimester of pregnancy and nephrogenesis is completed at the time of birth in full-term infants, whereas it is still ongoing for several weeks after preterm birth (28); in both preterm and full-term infants, renal cellular proliferation and enlargement leading to increase in nephron size and functionality occur during postnatal growth (29) . The latter can explain the increase in a-KL protein concentrations during neonatal age in our preterm and full-term infants and also the clearly higher circulating a-KL levels in our fullterm infants at days 14 and 28 of life, in comparison with levels reported previously in full-term neonates at day 4 of life (4).
In humans, circulating a-KL protein concentrations were shown to be age dependent declining from childhood to adult life (26) . Indeed, circulating a-KL levels in our study population are comparable to those reported in children of mean age 7.1 years, but higher than levels in healthy adults (26) . Interestingly, in a recent study, levels of soluble a-KL protein in cord vein blood were markedly higher than the plasma levels of neonates at the 4th day of life, of their mothers, and of healthy adults; this finding was attributed to production of a-KL from the placenta (4). We did not obtain cord blood to determine a-KL levels. However, it is unlikely that a-KL concentrations in our study population at the end of the 2nd and 4th week of life reflect placental origin because we estimated the half-life of soluble a-KL in vivo and found that it is short (20-30 min; Akihiro Imura, 2012; unpublished information). This study showed that circulating a-KL levels in neonates correlated significantly with 1,25(OH) 2 D and MDA serum concentrations and also with the infants' body weight and length. The positive correlation between a-KL and 1,25(OH) 2 D levels is in accordance with the suggested mutually regulated feedback actions of a-KL and the vitamin D endocrine system. 1,25(OH) 2 D positively regulates the expression of a-kl, whereas a-KL protein is involved in the signal transduction of FGF23, which suppresses circulating 1,25(OH) 2 D levels by inhibiting Cyp27b1-mediated production and stimulating Cyp24-mediated catabolism of 1,25(OH) 2 D (8, 9, 10, 30) ; the latter explains the negative correlation between FGF23 and 1,25(OH) 2 D levels in our study population.
Although a-KL protein is a potent regulator of calcium and phosphate metabolism (12, 14) , we did not find any significant correlation between a-KL protein and calcium or phosphate levels. However, calcium and phosphate metabolism is regulated by complicated reciprocal actions and feedback mechanisms (10) . FGF23 correlated significantly with calcium, phosphate, 1,25(OH) 2 D, and PTH levels, possibly because FGF23 has a key homeostatic role in maintaining normophosphatemia, some of it through soluble a-KL as a mediator in bone-kidney-parathyroid endocrine axis (11) . Interestingly, in the preterm and full-term infants studied, serum phosphate levels decreased at the end of the first month of age simultaneously with the rise in circulating a-KL concentrations and the decline in FGF23 levels. The decrease in phosphate levels is likely related to improvement in renal maturity as postnatal age advances (this hypothesis is supported by the negative influence of postnatal age on serum phosphate levels in multiple regression analysis; Table 2 ) but can also be attributed, at least in part, to improvement in sensitivity of renal cells to FGF23 signaling and its phosphaturic effects as a-KL levels increase; resistance to FGF23 signaling has been reported in states of decreased a-KL (31) .
The positive correlation between a-KL and MDA levels in our infants is possibly suggestive of a role of a-KL as a regulator of oxidative stress in neonates. There is evidence that a-KL protein offers protection against oxidative stress at the cell and organism levels (15, 32) . a-KL protein can remove reactive oxygen species and confer resistance against oxidative stress by activating the AMP signaling pathway, increasing SOD expression, and inducing the production of nitric oxide (32) ; it also causes activation of the transcription factor FOXO leading to upregulation of mitochondrial SOD (15) . In our study, no significant correlation between plasma a-KL levels and SOD activity in washed erythrocytes was found. However, the magnitude of stimulation of SOD expression by a-KL protein seems to depend on the type of cells studied. For example, a-KL increased the SOD protein levels in vitro by 1.5, 2.3, and 5.8 times in COS, HeLa, and CHO cells respectively (15) . Circulating a-KL levels correlated positively with Sod mRNA in muscle samples in mice (15) but, to our knowledge, the correlation between a-KL levels and SOD activity in erythrocytes has not been reported.
In this study, the positive correlation between plasma a-KL levels and infants' anthropometric parameters (body weight and length) is novel and possibly indicates increased a-KL protein production/release as the size of neonates advances. It has been reported that a direct relationship between birth weight and nephron number exists (33) , the kidney being a major source of circulating a-KL (1, 3) . Moreover, in neonates, body weight accounts for almost 80% of the variance of fat mass as assessed by dual-energy X-ray absorptiometry (34) . As a-KL protein is mainly produced in renal cells and at much lower levels in other organs, including the adipose tissue (1, 3, 4) , the positive correlation between a-KL levels and body weight in our study population not only possibly reflects renal a-KL production in association with infants' body weight variation but may also reflect the production of a-KL by adipose tissue. On the other hand, there is evidence that a-KL protein works as a hormonal factor to promote adipocyte differentiation. In mouse fibroblast cells, mRNA expression and protein levels of adipocyte differentiation markers were increased by a-KL protein stimulation and, inversely, a-kl gene suppression led to decreased mRNA expression of adipocyte differentiation markers (17) . Interestingly, in klotho knockout mice, an almost undetectable amount of white adipose tissue was observed (1, 2). Furthermore, a-KL is physiologically important for maintaining normal bone metabolism; a-KL deficiency reduces the osteoblastic population and disturbs bone mineralization (35, 36) . The klotho mutant mice have low turnover bone metabolism and decreased cortical bone thickness (35) , while they also suffer from growth retardation (1) . Soluble a-KL was recently shown to stimulate osteoblastic cell proliferation (37) . Thus, the correlations between plasma soluble a-KL levels and body weight and length in our study population may also suggest that a-KL has a role in the regulation of growth in neonates. Determination of other known circulating growth factors, such as insulin-like growth factor 1 (IGF1), might be helpful in elucidating the role of a-KL in neonatal growth.
It was previously reported that insulin stimulates the cleavage and release of a-KL protein (5), while a-KL inhibits insulin and IGF1 signaling and induces IR via suppression of tyrosine phosphorylation of the insulin and IGF1 receptors (2) . Conversely, downregulation of a-KL in IR syndromes was shown (38) and, interestingly, gene therapy with a-KL in animals led to, at least in part, correction of metabolic abnormalities typical of the metabolic syndrome, possibly via an improvement in insulin sensitivity (16) . However, the results of a recent study argue against a direct role of a-KL in the pathogenesis of IR (3); indeed, neither the expression of a-KL was influenced by the induction of IR in rodent models nor the soluble a-KL protein inhibited IGF1 and/or insulin signaling in insulin-responsive cell lines (3). We did not observe any significant correlation between a-KL and glucose, insulin, or HOMA-IR values.
In conclusion, plasma levels of soluble a-KL protein in neonates rise as GA and postnatal age advance and correlate significantly with 1,25(OH) 2 D and MDA serum concentrations and also with the infants' body weight and length but not with glucose and insulin concentrations or HOMA-IR values. Our findings support an impact of a-KL on vitamin D metabolism and oxidative stress in neonates. Whether the correlation between a-KL concentrations and infants' growth parameters reflects an active role of a-KL in the regulation of neonatal growth or is due to maturation of a-KL-producing tissues remains to be elucidated.
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